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EXECUTIVE  SUMMARY 


The  use  of  decachlorobiphenyl  (DCBP)  as  a  dosimetric  tracer  for  a 
diesel  fuel  smoke  aerosol  is  described.  DCBP  added  to  the  fuel  prior 
to  aerosolization  is  distributed  solely  into  the  particle  phase  of  the 
resulting  smoke.  DCBP  is  distributed  uniformly  throughout  the  aerosol 
particles,  regardless  of  particle  size.  Determinations  of  DCBP  in 
tissue  extracts  of  rats  exposed  to  DCBP-containing  smoke  were  performed 
by  purifying  the  extracts  on  activated  Florisil®,  and  subsequently 
analyzing  them  by  gas/ liquid  chromatography  with  electron  capture 
detection. 

The  largest  internal  amounts  of  smoke  were  found  in  the  lungs. 
Smoke  levels  in  the  upper  respiratory  tract  were  only  a  very  small 
fraction  of  those  found  in  the  lungs.  Significant  amounts  of  DCBP 
tracer  were  found  in  the  digestive  tract  following  smoke  exposure.  At 
a  given  exposure  duration,  animals  exposed  at  higher  smoke  concentra¬ 
tions  had  greater  levels  of  smoke  deposited  in  their  lungs. 
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FOREWORD 


In  conducting  the  research  described  in  this  report,  the  investi¬ 
gators  adhered  to  the  “Guide  for  Laboratory  Animal  facilities  and 
Care,"  as  promulgated  by  the  Committee  on  the  Guide  for  Laboratory 
Animal  Facilities  and  Care  of  the  Institute  of  Laboratory  Animal 
Resources,  National  Academy  of  Sciences-National  Research  Council. 
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INTRODUCTION 


Aerosolized  diesel  fuel,  deployed  from  the  exhaust  manifold  of 
armored  vehicles,  is  used  by  the  Army  to  create  obscurant  smokes.  As 
part  of  a  program  to  investigate  the  health  effects  of  battlefield 
smokes,  the  US  Army  Medical  Research  and  Development  Command  has 
supported  a  study  of  the  inhalation  toxicology  of  diesel  fuel  aerosols 
in  Sprague-Dawley  rats  (1,2, 3, 4).  In  that  study,  as  in  all  inhalation 
toxicology  studies,  the  "dose"  to  the  animals  cannot  be  readily  meas¬ 
ured.  The  product  (Ct)  of  the  concentration  of  the  airborne  material 
and  the  duration  of  exposure  has  been  related  to  dose  (5),  but  this 
relationship  ignores  changes  in  breathing  frequency  and  volumetric 
breathing  rate,  as  measured  by  the  minute  volume,  that  may  occur  as  a 
result  of  exposure,  as  well  as  retention  and  clearance  mechanisms  which 
are  dependent  upon  the  physical  and  chemical  properties  of  the  aerosol 
or  vapor,  and  it  has  no  relation  to  the  site  of  deposition  of  the 

inhaled  substance.  The  dosimetry  study  was  designed  to  supply  some  of 
the  missing  information  concerning  the  site  and  quantity  of  disposition 
of  inhaled  diesel  fuel  aerosol  (DFA)  at  selected  combinations  of  aero¬ 
sol  concentration  and  exposure  duration  in  the  range  of  those  used  in 
the  inhalation  toxicology  experiments.  This  information  could  be 

applied  to  the  interpretation  of  the  biological  changes  associated  with 
the  exposure  regimes  of  the  inhalation  toxicology  experiment. 

In  order  to  determine  the  sites  and  quantities  of  DFA  deposition  an 
inert  tracer,  decachlorobiphenyl  (DCBP) ,  was  added  to  the  diesel  fuel 
prior  to  aerosolization.  Because  of  the  non-volatile  nature  of  the 

DCBP,  the  dosimetry  experiments  dealt  with  deposition  of  aerosol  part¬ 
icles  only.  It  has  been  shown  that  the  diesel  fuel  does  not  completely 
condense,  either  in  the  field  deployment  systems  or  in  the  generation 
system  employed  in  the  inhalation  toxicology  exposures,  but  fraction¬ 
ates  into  a  gaseous  phase  and  an  aerosol  phase.  The  vapor  phase  is 

richer  in  the  more  volatile  components  of  the  fuel,  and  the  aerosol 
contains  more  of  the  larger,  less  volatile  compounds  of  this  complex 
mixture  of  hydrocarbons.  The  distribution  of  the  fuel  components 
between  the  two  phases  is  a  function  of  ambient  conditions,  DFA  concen¬ 
tration,  and  the  makeup  of  the  fuel.  In  the  inhalation  toxicology 
exposures  and  in  the  dosimetry  experiments  reported  here,  ambient  con¬ 
ditions  were  kept  uniform,  and  a  standard  reference  grade  of  diesel 
fuel  was  used  in  both  cases.  The  DFA  concentration  was  varied  during 
these  experiments,  however,  and  consequently  the  ratio  of  vapor  to 
aerosol  was  not  held  completely  constant.  In  the  range  of  concentra¬ 
tions  used  in  the  dosimetry  experiments,  however,  the  fraction  of  die¬ 
sel  fuel  vapor  in  the  chamber  did  not  vary  greatly  from  20  percent  of 
the  aerosol  concentration. 

The  study  was  accomplished  in  three  phases.  First,  the  suitability 
of  DCBP  as  a  tracer  was  determined.  DCBP  has  been  employed  in  tobacco 
smoke  dosimetry  studies  (6-9)  and  offered  the  desirable  qualities  of 
preferential  distribution  into  the  smoke  particle  phase  and  high  analy¬ 
tical  sensitivity  with  few  interferences  (gas/liquid  chromatography 
with  electron  capture  detection).  While  radiolabeled  tracers  such  as 
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l^C-dotriacontane  (10-11)  offered  these  same  qualities,  the  amounts 
required  for  lengthy  (several  hours)  exposures  would  make  the  experi¬ 
ments  cost-prohibitive.  In  addition,  contamination  of  the  animal 
exposure  chambers  with  radionuclides  would  be  unacceptable.  Questions 
had  to  be  answered  concerning  DCBP  's  stability  under  the  conditions  of 
diesel  fuel  smoke  generation,  its  distribution  into  the  liquid  phase, 
and  its  distribution  among  the  various  particle  sizes.  Next,  prelimi¬ 
nary  experiments  were  performed  to  trace  the  location  of  the  DCBP  in 
the  animal  after  it  had  been  taken  into  the  respiratory  tract.  Rapid 
translocation  of  the  DCBP  would  have  precluded  its  use  as  a  tracer, 
since  it  could  not  be  established  that  the  same  mechanisms  of  translo¬ 
cation  would  operate  upon  the  diesel  fuel  particles.  The  final  task 
was  to  determine  the  distribution  of  the  DCBP,  and  thus  that  of  the 
DFA,  under  a  variety  of  conditions  in  the  range  of  those  used  in  the 
inhalation  toxicology  experiments. 


EXPERIMENTAL 

Decachlorobiphenyl  was  obtained  from  Aldrich  Chemical  (Milwaukee, 
WI).  Standard  solutions  were  prepared  by  dissolving  known  quantities  of 
DCBP  in  hexane.  The  diesel  fuel  used  for  dosimetric  measurements  was 
spiked  with  DCBP  to  concentrations  of  600-1000  ppm  (wt/wt).  Analyses 
of  standard  solutions,  spiked  fuel  or  smoke,  or  tissue  extracts  were 
performed  by  gas/liquid  chromatography  (Hewlett  Packard  5730A  GC  equip¬ 
ped  with  Ni«3  electron  capture  detector  and  HP  3390A  reporting 
integrator — GC/ECD) .  Analysis  conditions  were  as  follows:  Column,  1  m 
x  6  mm  o.d .  10  percent  OV-1  on  an  80-100  mesh  Chromosorb  G-HP,  isother¬ 
mal  at  220°C;  detector  temperature,  r\/300°C;  injector  temperature, 
250  C;  Carrier  gas,  90  percent  Argon  -  10  percent  methane.  With  a  flow 
rate  of  12  mL  min”!,  retention  time  of  the  DCBP  was  approximately 
12  minutes.  DCBP  levels  were  determined  by  comparison  with  a  calibra¬ 
tion  curve  generated  from  a  series  of  standard  solutions.  Separate 
high  resolution  gas  chromatographic  analysis  of  DFA  extracts  for  the 
stability  studies  were  performed  on  a  30-m  SE-52  coated  fused  silica 
capillary  column,  using  hydrogen  as  a  carrier  gas,  or  a  50  m  Quadrex 
007  column,  using  helium  carrier  gas. 

The  aerosol  generator  has  been  described  in  detail  elsewhere  (1). 
Briefly,  nitrogen  carrier  gas  is  heated  to  600 °C  as  it  sweeps  the 
surface  of  a  Vycor  heater,  so  that  diesel  fuel  pumped  onto  the  end  of 
the  heater  is  volatilized  and  carried  into  a  diluent  air  stream.  The 
saturated  vapors  cool  and  condense,  forming  an  obscurant  cloud.  This 
aerosol  cloud  flows  through  a  New  York  University  (NYU)-type  1.4  m3 
animal  inhalation  exposure  chamber. 

In  order  to  determine  the  actual  concentration  of  the  DCBP  in  the 
DFA  particles,  samples  of  the  aerosol  were  collected  on  45-mm  Cambridge 
glass  fiber  filter  pads  (12).  At  low  sampling  flows,  these  filters  are 
99. 5%  efficient  at  collection  of  particles  larger  than  0.3  ym  diameter. 
Generally,  sampling  flows  less  than  2.0  L  min")  were  employed  for 
collection. 


Particle  size  distribution  of  the  DFA  was  determined  by  using  a 
Mercer-Lovelace  cascade  impactor,  operated  at  a  flow  rate  of  1.0  L 
min“l  (13).  Stages  of  the  impactor  were  rinsed  with  carbon  disul¬ 
fide  (CS2),  and  an  aliquot  of  the  CS2  solution  was  analyzed  gas 

chromatographically  to  determine  mass  of  diesel  fuel  collected  on  each 
stage,  as  described  in  detail  elsewhere  (1).  Since  the  CS2  was 

incompatible  with  the  DCBP  analysis,  the  CS2  was  evaporated  and  the 
residue  taken  up  in  hexane.  The  resulting  solutions,  one  for  each 

impactor  stage,  were  analyzed  for  DCBP. 

Procedures  for  the  actual  exposure  of  the  animals  have  been 
described  in  detail  elsewhere  (1).  In  order  to  determine  deposition  of 
the  DCBP-containing  smoke  in  the  tissue  samples,  animals  were  killed  by 
carbon  dioxide  asphyxiation,  and  the  various  tissues  were  removed  and 
placed  in  pre-weighed  vials.  The  samples  were  stored  frozen  until 
analysis.  Tissue  samples  were  processed  as  follows:  Each  sample  was 
placed  in  a  glass  tube  (10  cm  x  2  cm  o.d.),  and  15  mL  of  n-hexane  and  4 
g  anhydrous  Na2S04  were  added.  The  sample  was  ground  for  one 
minute  (except  for  the  digestive  tracts,  which  required  2  minutes) 
using  a  Brinkman  tissue  horaogenizer  equipped  with  a  Model  PT10-ST 
grinding  head.  The  head  was  continually  bathed  with  small  amounts  of 
hexane  during  the  grinding  to  prevent  the  drying  of  the  tissue  extract 
on  the  head  during  the  processing.  Following  grinding,  the  homogenizer 
head  was  cleaned  with  hexane  in  a  sonicating  bath.  The  wash  solution 
was  retained  and  added  to  the  tissue  extract.  Next,  the  hexane-ground 
tissue-sodium  sulfate  suspension  was  centrifuged  for  one  minute  at  660 
rpm.  The  supernatant  was  poured  off,  and  approximately  5-10  mL  of 
fresh  hexane  was  added  to  the  tissue/sodium  sulfate  mixture.  The 
resulting  suspension  was  mixed  throughly,  recentrifuged,  and  the  super¬ 
natant  poured  off.  The  procedure  was  repeated  once  more.  The  combined 
portions  of  supernatant  comprised  the  tissue  extract.  Centrifugation, 
rather  than  filtration,  was  required  because  ordinary  filter  paper  was 
found  to  retain  approximately  25  percent  of  the  DCBP  in  spiked  hexane 
solutions  passed  through  it.  The  final  volume  of  the  filtrate  was 
adjusted  to  25.0  mL. 

Polar  constituents  extracted  from  the  tissue  homogenates  tended  to 
interfere  with  the  DCBP  analysis.  In  order  to  separate  the  DCBP  from 
these  constituents,  the  tissue  extracts  were  purified  on  Florisil* 
columns.  The  procedure  was  as  follows:  Columns  were  prepared  by  load¬ 
ing  25-mL  burets  —  to  which  200-mL  solvent  reservoirs  had  been 
attached  —  with  approximately  6.5  g  activated  Florisil*  (volume 
approximately  16  mL) .  The  Florisil*  had  been  activated  at  150° C  for  6 
hours  and  allowed  to  stand  overnight  at  room  temperature  in  a  vacuum 
dessicator.  The  Florisil*  activation  temperature  is  critical  in  this 
application,  since  activation  at  500-600°C  resulted  in  complete  reten¬ 
tion  of  the  DCBP  by  the  Florisil*.  Freshly  conditioned  Florisil*  was 
made  up  daily.  An  aliquot,  usually  10  mL,  of  the  tissue  extract  was 
loaded  onto  the  column  and  elution  with  hexane  was  initiated.  The 
first  8  mL  of  eluate  was  discarded.  The  DCBP  elutes  in  the  next 
approximately  23  mL.  This  eluate  was  adjusted  to  a  final  volume  of 
25.0  mL  with  hexane.  Following  determination  of  the  recovery  for  each 


sample  (see  below),  the  Florisil*  was  discarded  and  replaced  with  fresh 
material.  An  aliquot  of  the  25.0  mL  eluate  was  injected  directly  into 
the  gas  chromatograph,  or  concentrated  under  a  stream  of  dry  nitrogen 
prior  to  GC  analysis,  the  method  of  analysis  being  dependent  upon  the 
expected  DCBP  concentration. 

Despite  exacting  activation  and  elution  procedures,  there  was  still 
some  daily  variation  in  the  volume  of  hexane  required  to  elute  all  of 
the  DCBP  from  the  Florisil*  columns.  Because  of  this,  recovery  deter¬ 
minations  were  made  for  each  tissue  samples  analyzed.  To  accomplish 
this,  occasional  tissues  from  unexposed  animals  were  spiked  with  a 
known  amount  of  DCBP,  and  processed  identically  to  the  exposed  tissues. 
However,  to  do  this  for  every  sample  would  have  required  an  unaccept¬ 
ably  large  number  of  unexposed  animals.  To  avoid  this  problem,  "simu¬ 
lated  recoveries"  were  determined  for  most  samples  by  adding  1.00  mL  of 
a  DCBP  stock  solution  to  15  mL  hexane  and  4  g  Na2SC>4.  This  mixture 
was  then  ground  and  treated  identically  to  a  genuine  tissue.  The 
observed  DCBP  concentration  was  compared  with  the  calculated  DCBP  con¬ 
centration  in  the  final  eluate  in  order  to  estimate  recovery  of  the 
DCBP  in  the  tissue  sample  which  had  been  purified  on  the  column  in 
question.  The  concentration  of  the  original  DCBP  stock  solution  was 
adjusted  so  that  the  DCBP  concentration  in  the  final  recovery  solution 
would  be  similar  to  that  of  the  sample.  The  simulated  recoveries  of 
DCBP  for  a  batch  of  40  lung  samples  averaged  93  +_  4  percent.  Recov¬ 
eries  for  80  turbinate  and  trachea  plus  larynx  samples  averaged  96  +_  17 
percent.  The  greater  scatter  observed  with  the  latter  series  of  sam¬ 
ples  was  believed  to  be  due  to  the  uncertainties  associated  with  evapo¬ 
rating  the  samples  to  dryness  and  redissolving  in  500  yL  of  hexane. 


CHEMICAL  VALIDATION  OF  DCBP  AS  A  TRACER  FOR  DFA  SMOKE  PARTICLES 


DCBP  was  chosen  as  a  dosimetric  marker  in  this  application  because 
of  its  analytical  sensitivity  and  thermal  stability  during  aerosoliza- 
tion.  However,  data  from  polychlorinated-biphenyl  incineration  studies 
had  indicated  that  DCBP  decomposes  above  800°C  (14).  Thus,  it  was 

necessary  to  determine  the  stability  in  our  application,  in  which 
temperatures  of  600° C  are  maintained  inside  the  aerosol  generator.  For 
these  tests,  spiked  fuel  samples  were  aerosolized,  and  the  resulting 
smoke  particulates  were  collected  on  Cambridge  filter  pads  backed  with 
Tenax*  traps.  Analysis  of  the  pad  extracts  by  GC/ECD  indicated  no 
chlorine-  containing  constituents  other  than  the  DCBP.  Subjecting  the 
extract  to  high  resolution  gas  chromatography  with  flame  ionization 
detection  (sensitive  to  all  hydrocarbon  constituents)  resulted  in  the 
usual  pattern  of  fuel  constituents.  There  were  no  additional  constit¬ 
uents  in  the  aerosol,  other  than  the  DCBP,  indicating  that  there  were 
no  chromatographable  DCBP  decomposition  products  in  the  smoke  particles 
(see  Figure  1). 

The  Tenax*  was  examined  to  determine  if  DCBP,  or  any  of  its  decom¬ 
position  products,  might  be  present  in  the  gas  phase  of  the  smoke. 
Normally,  Tenax*  is  desorbed  by  thermal  means.  However,  the  boiling 
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Figure  1 


Comparison  of  High  Resolution  Chromatograms:  Diesel 
Fuel  Smoke  Particles,  With  and  Without  Added  DCBP 


point  of  DCBP  was  expected  to  be  so  high  that  the  Tenax*  would  have  to 
be  heated  beyond  its  decomposition  point  before  DCBP  would  thermally 
desorb.  Instead,  the  Tenax*  was  exhaustively  washed  with  hexane,  and 
the  resulting  solution  concentrated  and  subjected  to  GC/ECD.  While 
elution  of  Tenax*  with  hexane  is  not  necessarily  a  quantitative  method 
for  removal  of  DCBP,  the  sensitivity  of  the  analysis  is  sufficient  to 
detect  traces  of  chlorine  containing  compounds  in  the  eluate.  There 
was  no  evidence  of  DCBP,  or  any  other  chlorine  containing  constituent, 
in  the  gas  phase.  These  findings  indicated  that,  in  the  presence  of 
nitrogen  carrier  gas,  the  DCBP  is  stable  to  600 °C,  and,  upon  aerosoii- 
zation,  is  transferred  into  the  particulate  phase  of  the  aerosol  with¬ 
out  decomposition. 

During  aerosolization  of  the  diesel  fuel,  some  of  the  more  volatile 
constituents  in  the  fuel  do  not  recondense.  This  has  the  effect  of 
increasing  the  DCBP  concentration  in  the  particle  phase  of  the  aerosol, 
relative  to  that  in  the  original  fuel.  The  extent  of  this  increase,  as 
a  function  of  particle  concentration  of  the  aerosol  in  a  small  test 
chamber,  is  presented  in  Table  1  for  a  DCBP  concentration  of  850  yg 
g-l  fuel. 


TABLE  1.  EFFECT  OF  AEROSOL  PARTICLE  CONCENTRATION  ON  RELATIVE 
CONCENTRATION  OF  DCBP  IN  LIQUID  PHASE  OF  THE  DIESEL  FUEL  AEROSOL 


Aerosol  Particle 

Concentration  mg  L”*  DCBP  Concentration  Ratio3 


0.43 

1.0 

3.0 

5.0 

8.0 


1.25  0.03 
1.23  +  0.04 
1.21  +  0.06 
1.17  +  0.05 
1.08  +  0.03 


aRatio  of  DCBP  concentration  in  particle  phase  of  aerosol  to  that  in 
fuel  prior  to  aerosolization.  (Mean  +_  standard  deviation  for  tripli¬ 
cate  analyses) 

The  data  indicate  that,  in  this  particular  concentration  range,  the 
relative  concentration  of  DCBP  in  the  particles  increases  as  particle 
concentration  decreases.  This  is  due  to  an  increasingly  larger  propor¬ 
tion  of  the  fuel  remaining  uncondensed  in  the  vapor  phase,  as  the  aero¬ 
sol  becomes  more  dilute.  This  finding  points  to  the  necessity  of 


determining  DCBP  in  the  aerosol  being  tested,  rather  than  that  in  the 
fuel  prior  to  aerosolization. 

Since  aerosol  particle  size  can  affect  the  site  of  deposition  in 
the  respiratory  tract  (15),  the  tracer  should  be  distributed  evenly 
through  the  particles,  regardless  of  particle  size.  To  determine  if 
this  was  the  case  for  DCBP,  the  diesel  fuel  was  spiked  with  DCBP  to  a 
concentration  of  1000  yg  g-^  fuel  and  aerosolized  so  as  to  produce 
a  particle  concentration  of  5.3  mg  L-*.  Comparison  of  the  average 
ratios  (four  runs)  of  diesel  fuel  to  DCBP  collected  on  each  impactor 
stage  is  made  in  Table  2,  and  is  graphically  portrayed  in  Figure  2. 


TABLE  2.  RATIO  OF  DCBP  CONTENT  AND  DIESEL  FUEL  SMOKE  CONTENT  OF 
IMPACTOR  STAGES  AS  A  FUNCTION  OF  PARTICLE  SIZE 


Diameter  of  Particles  Deposited 
on  Impactor  Stages,  ym 

DCBP 

Diesel  Fuel  *  1000 

<0.31 

1.51 

0.31  -  0.70 

1.09 

0.70  -  1.21 

0.86 

1.21  -  1.75 

0.80 

aAs  determined  from  cascade  impactor  stages.  Absolute  ratio  values 
determined  from  this  procedure  tend  to  be  lower  than  those  determined 
from  filter  pad  analyses. 


The  data  in  Table  2  indicate  that,  as  expected,  the  DCBP  is 
enriched  in  the  smaller  particles.  However,  the  degree  of  enrichment 
is  important  only  in  the  smallest  particles.  The  data  in  Figure  2 
indicate  that  these  particles  comprise  only  3  percent  or  less  of  the 
mass  of  the  smoke  particles  collected.  Indeed,  the  mass  median 
particle  diameter  (MMD)  determined  from  DCBP  on  the  impactor  stages  was 
1.1  ym,  whereas  the  MMD  determined  from  diesel  fuel  analysis  was  1.25 
ym.  Thus,  the  small  preference  of  the  DCBP  for  the  smaller  particles 
should  have  no  effect  on  the  conclusions  of  the  experiment. 


PRELIMINARY  ANIMAL  EXPERIMENTS 

Studies  on  the  effects  of  inhalation  exposure  of  rats  to  diesel 
fuel  aerosol  have  included  single  exposures,  repeated  exposures  and  a 
13-week  subchronic  study.  Animals  have  been  exposed  to  a  series  of 


concentration  levels  for  times  ranging  from  2  to  6  hours.  There  has 
been  some  question  over  whether  animals  exposed  to  equivalent  concen¬ 
tration-time  (Ct)  products  are  really  being  subjected  to  the  same 
insult . 


o  DCBP  Analysis 
(MMD  -  1.1  uM) 

Q  DF2  Analysis 
(MMD  -  1.25  uM) 


In  this  study,  tracer  dosimetry  was  employed  in  order  to  address 
this  question.  However,  cognizance  of  the  inherent  limitations  of 
tracer  dosimetry  in  such  a  complex  organic  matrix  as  diesel  fuel  is 
critical  to  the  appropriate  evaluation  of  the  data  obtained.  While  the 
diesel  fuel  smoke  particle  impacts  the  tissue  as  a  single  entity  (i.e., 
liquid  droplet  containing  a  small  amount  of  tracer),  it  is  not  likely 
to  remain  in  that  state  for  long.  The  diesel  fuel  is  a  complex  organic 
material  comprised  of  hundreds  of  individual  constituents,  each  with 
different  solubilities  in  the  various  tissues.  The  efficacy  of  the 
DCBP  tracer  in  this  study  is  tied  not  to  its  ability  to  track  indivi¬ 
dual  fuel  constituents  or  particles,  but  rather  to  its  tendency  remain 
in  the  particular  location  where  it  initially  deposits.  One  of  the 
reasons  why  DCBP  was  chosen  as  a  tracer  was  its  relative  biological 
inertness.  That  is,  its  chemical  structure  did  not  suggest  rapid 
metabolism.  Nevertheless,  DCBP  can  undergo  translocation  -  or 

"clearance"  -  either  on  its  own  accord  or  dissolved  in  the  remaining 
organic  material  which  was  once  the  fuel  smoke  particle  which  origin¬ 
ally  impacted  the  tissue.  Mechanisms  of  clearance  of  fuel  smoke 
constituents  or  DCBP  might  include  dissolution  into  the  target  tissue 
followed  by  transport  into  the  circulatory  system  and/or  removal  of  the 
material  from  the  lower  airways  by  mucociliary  action.  This  latter 
action  would  be  followed  by  swallowing  of  the  ejected  material.  Rapid 
clearance  from  the  lungs  would  mean  that  only  a  fraction  of  the  DCBP 
originally  deposited  in  the  lungs  would  remain  after  several  hours,  and 
thus,  concentrations  measured  at  the  end  of  a  long  exposure  would  not 
be  indicative  of  the  total  amount  of  smoke  deposited  in  the  respiratory 
tract.  In  order  to  gauge  whether  such  clearance  might  adversely  affect 
the  ability  to  interpret  experimental  data,  two  sets  of  dosimetry 
experiments  were  performed.  The  experiments  were  essentially  identical 
in  design,  with  some  minor  differences  in  termination  times  for  the 
animals.  Individually  caged  male  Sprague-Dawley  rats  were  exposed  to  a 
diesel  fuel  smoke  concentration  of  5.3  mg  L-1  for  one  hour. 
Following  exposure,  one  group  of  four  animals  was  terminated  (CO2 
asphyxiation)  immediately  (0-30  minutes).  Another  group  was  killed  60- 
100  minutes  following  exposure,  and  a  third  group  was  killed 
approximately  5  hours  following  exposure.  Immediately  after 

termination,  the  animals  were  weighed  and  skinned  in  such  a  way  as  to 
avoid  contact  with  other  organs  and  subsequent  transfer  of  DCBP.  Next, 
the  lungs,  trachea  plus  larynx,  turbinates,  liver,  and  digestive  tracts 
were  removed  and  subjected  to  DCBP  analysis.  Because  of  the  similarity 
of  the  two  experiments,  not  all  of  the  organ  systems  were  examined  in 
both  experiments. 

Results  of  the  experiments  are  summarized  in  Tables  3  and  4.  (More 
detailed  information  is  appended  in  Tables  A-l  and  A-2).  In  both 
experiments,  the  animal-to-animal  variation  was  considerable.  For 
example,  while  the  mean  initial  tracer  deposition  (Group  1)  in*  the 
first  experiment  appear  to  be  twice  that  of  Group  1  in  the  identical 
second  experiment,  the  difference  was  not  significant  (p  >  0.05). 
Thus,  the  mean  initial  deposition  for  both  experiments  was  determined 
to  be  1.85  ^0.84  mg,  or  46  percent  relative  standard  deviation.  There 
were  decreases  in  the  amount  of  tracer  in  the  lung  with  time.  In 


experiment  #1,  these  differences  were  somewhat  more  significant  (p  < 
0.05)  than  in  experiment  #2,  (p  <  0.10).  In  experiment  #1,  there  was  a 
significant  (p  <  0.05)  increase  in  the  amount  of  tracer  in  the 
digestive  tract  with  time,  but  not  in  experiment  #2.  However,  in  both 
experiments,  there  were  sizable  amounts  of  tracer  in  the  lung  after  the 
only  one  hour  exposure.  In  many  of  the  individual  groups,  the  level  of 
tracer  in  the  digestive  tract  was  comparable  to  that  in  the  lung. 
However,  while  occasional  preening  and  hand  washing  were  observed  in 
about  half  of  the  rats  following  exposure  (see  Tables  A-l  and  A-2) , 
there  did  not  appear  to  be  consistently  more  tracer  in  the  tracts  of 
animals  which  had  preened  than  in  those  of  animals  which  did  not  preen. 
While  there  was  a  considerable  amount  of  tracer  on  the  fur  and  skin  -  a 
result  presumably  of  whole  body  exposure,  the  only  significant  (p  < 
0.05)  difference  between  various  groups  was  that  found  between  groups  1 
and  2  in  experiment  #2.  Given  the  amounts  of  tracer  found  on  the  fur 
relative  to  those  in  the  digestive  tract,  in  order  to  have  altered  the 
levels  in  the  digestive  tracts  markedly,  the  animals  would  have  had  to 
remove  tracer  from  a  substantial  portion  of  their  fur.  Compared  to  the 
fur,  lungs,  and  digestive  tracts,  there  were  only  small  amounts  of 
tracer  present  in  the  liver,  turbinates  trachea,  and  larynx. 

The  magnitude  of  individual  variations  precluded  the  drawing  of  a 
conclusive  picture  of  the  movement  of  the  tracer.  In  both  experiments, 
there  was  the  suggestion  of  movement  of  the  tracer  from  the  lungs  at  a 
rate  that  approximately  halved  the  level  of  tracer  in  that  region  in 
5-6  hours.  A  possible  mechanism  of  DCBP  movement  into  the  digestive 
tract  might  be  muco-clliary  transport  from  the  respiratory  tract  into 
the  throat,  followed  by  swallowing.  In  experiment  #1,  the  concentra¬ 
tion  of  tracer  in  the  digestive  tract  appeared  to  increase  as  that  in 
the  lung  decreased,  as  would  be  expected  if  this  mechanism  was  opera¬ 
tive.  However,  experiment  // 2  did  not  show  any  change.  Elucidation  of 
the  precise  mechanisms  of  DCBP  transport  was  beyond  the  scope  of  this 
effort.  However,  the  impact  of  potential  movement  from  lung  to  diges¬ 
tive  tract  with  a  6-hour  half  life  on  the  efficacy  of  the  DCBP  tracer 
in  this  application  was  assessed  as  follows.  If  the  increase  in  DCBP 
deposition  in  the  lung  is  presumed  to  be  linear  with  time,  and  a  com¬ 
peting  exponential  decay  acts  to  decrease  lung  concentration,  then  the 
Integrated  rate  equation  is  given  by: 

DCBP  -  {^(1  -  e”k2t) 


where  kj  is  the  deposition  rate 

V.2  is  the  rate  of  removal  from  the  lung  =  0.17  hr-^ 

C 1 1 / 2  6  hours) 

Under  these  conditions,  the  amount  of  DCBP  found  in  the  lung  would 
underestimate  that  actually  deposited  there  by  11  percent  after  2  hours 
and  28  percent  after  6  hours.  These  underestimations  were  judged  to 
be  small  in  comparison  to  the  animal-to-animal  variation  initially 
observed  in  experiments  1  and  2. 


SMOKE  DEPOSITION  STUDY 


The  purpose  of  the  experiments  conducted  in  this  phase  of  the  study 
was  to  determine  the  deposition  of  diesel  fuel  smoke  particulates  in 
the  animals'  respiratory  tracts  under  conditions  similar  to  those 
employed  during  the  repeated  inhalation  exposures.  Thus,  four  smoke 
concentrations  (approximately  1.3,  2,  4,  and  6  mg  L-1)  and  two 
exposure  durations  (2  and  6  hours)  were  used  to  achieve  two  distinct 
concent rat ion/ time  products  (Ct  =  8,  12).  For  each  of  the  four  experi¬ 
ments,  twenty  male  Sprague-Dawley  rats  were  exposed  in  the  NYU  chambers 
in  the  Biology  Divison.  In  the  three  middle  rack  positions,  indi¬ 
vidually  caged  animals  were  exposed  in  layers  of  seven,  six,  and  seven 
(top,  middle,  and  bottom  positions,  respectively).  During  each  expo¬ 
sure,  a  minimum  of  two  pairs  of  cascade  impactor  and  three  pairs  of 
Cambridge  filter  pad  samples  were  taken  to  document  the  particle  size 
distribution  and  concentration  of  DCBP  in  the  smoke,  respectively.  In 
addition,  chamber  smoke  concentrations  were  continuously  monitored  with 
an  Instrumental  aerosol  sensor  (1).  Animals  were  killed  immediately 
after  the  exposure.  Animal  weights  were  recorded,  the  animals  skinned, 
and  the  lungs,  trachea  plus  larynx,  turbinates  (skinned  head  less 
brains,  external  nares,  and  lower  jaw)  and  digestive  tracts  were 
removed  and  weighed.  The  tissues  were  then  frozen  for  later  analysis. 
Eventually,  half  the  animals0  tissues  (selected  at  random)  were  chosen 
for  analysis,  while  half  were  retained  in  case  of  analytical  problems 
or  high  animal-to-animal  variation  with  the  first  batch  of  tissues. 

The  exposure  parameters  for  the  dosimetry  experiments  are  summa¬ 
rized  in  Table  5.  In  all  cases,  the  Ct  achieved  was  close  to  the 
target  value.  Analysis  of  the  cascade  impactor  stages  indicated  that 
the  particle  size  distribution  of  the  DCBP  varied  with  smoke  concentra¬ 
tion  as  expected.  That  is,  the  mass  median  particle  diameter  increased 
with  increasing  smoke  concentration,  from  a  low  of  0.7  pm  to  a  high  of 
1 . 1  pm. 

A  summary  of  the  respiratory  tract  smoke  deposition  levels  is  found 
in  Table  6.  More  detailed  data  are  appended  (Tables  A-3  through  A-14). 
Several  conclusions  are  evident.  First,  animal-to-animal  variation 
within  a  given  exposure  group  was  considerable  (10-30  percent  relative 
standard  deviation  for  lungs)  but  not  unexpectedly  high.  Second,  the 
amounts  of  particulates  deposited  in  the  upper  respiratory  tract  are 
only  small  fractions  of  those  deposited  in  the  lungs.  In  all  cases, 
the  sum  of  the  smoke  deposition  in  the  turbinates,  trachea,  and  larynx 
amounted  to  less  than  1.5  percent  of  that  found  in  the  lungs.  Third, 
as  expected,  for  a  given  exposure  duration,  animals  exposed  at  higher 
smoke  concentrations  had  greater  levels  of  smoke  deposited  in  their 
lungs.  For  the  two  hour  exposures,  the  deposition  was  approximately 
proportional  to  the  smoke  concentrations.  For  the  longer  exposures, 
the  relationship  was  not  (p  >  0.U5).  At  a  given  Ct  product,  rats 
exposed  for  longer  durations  seemed  to  have  less  smoke  in  their  lungs 
than  animals  exposed  for  shorter  durations.  This  may  be  due,  in  part, 
to  a  greater  extent  of  translocation  of  the  DCBP  tracer  either  on  its 
own,  or  dissolved  in  the  fuel  matrix,  from  the  lungs  at  longer  exposure 
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times,  or  to  a  progressive  change  in  breathing  rate  as  smoke  exposure 
continued.  However,  while  analysis  of  the  digestive  tracts  (Table  A- 
15)  of  a  few  of  the  exposed  animals  showed  that  the  amount  of  tracer 
present  was  a  sizable  fraction  (20-65  percent)  of  that  present  in  the 
lungs,  there  were  no  clear  differences  in  tracer  levels  in  the  diges¬ 
tive  tracts  between  groups  of  animals  at  different  exposure  durations  - 
which  would  have  been  expected  if  mucociliary  transport  and  swallowing 
were  the  predominant  route  of  clearance.  For  these  animals,  the  tracer 
found  in  the  digestive  tract  averaged  about  30  percent  of  the  total 
internal  tracer  deposition.  In  summary,  at  shorter  exposure  times, 
observed  mean  tracer  levels  were  proportional  to  Ct ,  but  at  longer 
times,  they  were  not. 

In  order  to  compare  the  lung  deposition  levels  observed  in  these 
experiments  with  those  of  other  studies,  deposition  fractions,  taken  as 
the  fraction  of  inhaled  particles  which  was  actually  deposited  (17), 
were  computed.  Estimated  average  minute  volumes  of  100  mL  min~l  - 
observed  for  male  Sprague  Dawley  rats  undergoing  diesel  fuel  smoke 
exposure  at  smoke  concentrations  greater  than  0.5  mg  L-*  (16)  - 
were  used.  Deposition  fractions,  F,  are  reported  in  Table  7,  and 
ranged  from  a  low  of  4.4  percent  to  a  high  of  8.3  percent.  The  values 
obtained  for  the  longer  duration  exposures  were  lower  than  those  for 
the  shorter  exposures,  perhaps  a  result  of  greater  cumulative  clearance 
at  longer  exposure  times.  In  general,  our  values  were  in  relatively 
good  agreement  with  others  found  for  small  rodents  exposed  to  mono- 
disperse  aerosols  (17).  Raabe,  et  al.  ,  found  deposition  fractions  of 
6-8  percent  for  particles  in  the  size  range  of  the  diesel  fuel  smoke 
studied  in  these  experiments  (0.6  -  2.0  pm).  Wolff,  et  al.  ,  found 
somewhat  higher  deposition  fractions,  approximately  15  percent  for 
Fischer  344  rats  exposed  to  0.1  pm  diameter  aggregates 
(18). 

As  a  whole,  the  data  indicated  that  at  the  longer  exposure  times, 
the  rats  had  lower  levels  of  tracer  in  the  lung  than  would  have  been 
predicted  from  a  Ct  proportionality.  This  may  be  due,  in  part,  to 
translocation  of  the  tracer  or  other  constituents  from  the  lungs  to  the 
digestive  system.  Correcting  the  lung  deposition  levels  for  the  tracer 
translocation  (11%  underestimation  at  2  hour  exposure  and  28%  underes¬ 
timation  at  6  hour  exposures)  as  suggested  from  the  preliminary  animal 
experiments,  leads  to  the  estimates  in  Table  8.  These  "corrected"  data 
are  more  in  keeping  with  the  expected  proportionality  to  smoke  concen¬ 
tration  and  exposure  duration.  As  stated  previously,  it  is  unknown 
whether  the  tracer  remains  dissolved  in  the  diesel  fuel  or  fuel  con¬ 
stituents  after  deposition,  in  which  case  the  tracer  movement  would 
parallel  that  of  the  fuel  particulates,  or  if  the  tracer  migrates  out 
of  the  fuel  and  moves  on  its  own.  If  the  former  is  true,  then  a  sig¬ 
nificant  portion  of  the  systemic  load  of  fuel  in  the  animal  may  enter 
the  circulatory  system  through  the  digestive  tract,  rather  than  the 
respiratory  tract. 


^Values  calculated  using  an  average  minute  volume  of  LOO  mL.  Male  Sprague-Dawley 
rats  decrease  their  respiratory  minute  volume  to  between  80  and  110  mL  upon  exposure 
to  diesel  fuel  smoke  at  concentrations  above  0.5  mg*L-^.  (Reference  16). 


TABLE  8.  ESTIMATED  LUNG  LEVELS  OF  SMOKE  PARTICLE  DEPOSITION 
CORRECTED  FOR  AN  ESTIMATED  DCBP  LUNG  HALF-LIFE  OF  SIX  HOURS 


Aerosol 

Concentration 

mo  •  T  “1 


Exposure  Time,  Target 
hrs  Ct 


Estimate  Corrected 
Lung  Deposition 
mg  per  lung 

mean  +  one  standard  deviation 


1 


LITERATURE  CITED 

1.  Holmberg,  R.  W.,  J.  H.  Moneyhun,  and  T.  M.  Gayle,  "Chemical  Char¬ 
acterization  and  Toxicologic  Evaluation  of  Airborne  Mixtures: 
Generating,  Monitoring  and  Controlling  Petroleum  Aerosols  for 
Inhalation  Chamber  Studies,  Oak  Ridge  National  Laboratory,  Oak 
Ridge,  TN,  U.  S.  Army  Project  Order  Nos.  9600,  0027,  1807,  and 
28022,  ORNL/TM-8903,  October  1983. 

2.  Dalbey,  U.  E.  and  S.  Lock,  1982.  Chemical  Characterization  and 
Toxicological  Evaluation  of  Airborne  Mixtures:  Inhalation  Toxi¬ 
cology  of  Diesel  Fuel  Obscurant  Aerosol  in  Sprague  Dawley  Rats, 
Final  Report,  Phase  1,  Acute  Exposures.  In  press.  Oak  Ridge 
National  Laboratory,  Oak  Ridge,  TN,  U.  S.  Army  Project  Order  Nos. 
9600  and  0027  AD  A1 32650. 

3.  Dalbey,  W.  E.,  S.  Lock,  and  R.  Schmoyer,  1982.  Chemical  Charac¬ 
terization  and  Toxicological  Evaluation  of  Airborne  Mixtures: 
Inhalation  Toxicology  of  Diesel  Fuel  Aerosol  in  Sprague  Dawley 
Rats,  Final  Report,  Phase  2,  Repeated  Exposures.  In  press.  Oak 
Ridge  National  Laboratory,  Oak  Ridge,  TN,  U.S.  Army  Project  Order 
Nos.  9600  and  0027. 

4.  Lock,  S.,  and  W.  E.  Dalbey,  1984.  Chemical  Characterization  and 
Toxicological  Evaluation  of  Airborne  mixtures.  Final  Report,  Phase 
3,  Subchronic  Exposures.  In  preparation.  Oak  Ridge  National 
Laboratory,  Oak  Ridge,  TN,  U.S.  Army  Project  Order  Nos.  0027  and 
1802. 

3.  McFarland,  H.  N.,  Respiratory  Toxicology.  In  Hayes,  W.  J.  ,  ed.  , 
Essays  in  Toxicology,  Vol.  7,  Academic  Press,  Inc.  New  York. 

6.  Lewis  C.  I.,  J.  C.  McGeady,  J.  R.  Wagner,  F.  J.  Schultz,  and  A.  W. 
Spears, "D Ichor obenzophenone  as  a  Non  Radioactive  Tracer  for  Ciga¬ 
rette  Smoke  -  Gas  Chromatographic  Analysis  of  Tracer",  Am.  Rev. 
Reap.  Disease,  106,  480-484  (1972). 

7.  Lewis  C.  I.,  J.  C.  McGeady,  H.  S.  Tong,  F.  J.  Shultz,  and  A.  W. 
Spears,  "Cigarette  Smoke  Tracers:  Gas  Chromatographic  Analysis  of 
Decachloroblphenyl, "  Am.  Rev.  Resp.  Disease,  108,  367-370,  (1973). 

8.  Binns  R.,  J.  L.  Beven,  L.  V.  Wilton,  and  W.  G.  D.  Lugton,  "Inhala¬ 
tion  Toxicity  Studies  on  Cigarette  Smoke  II.  Tobacco  Smoke  Inha¬ 
lation  Dosimetry  Studies  on  Small  Laboratory  Animals,"  Toxicol. , 
6,  197-206  (1976). 

9.  Binns  R.,  J.  L.  Beven,  L.  V.  Wilton,  and  W.  G.  D.  Lugton,  "Inhala¬ 
tion  Toxicity  Studies  on  Cigarette  Smoke  III.  Tobacco  Smoke  Inha¬ 
lation  Dosimetry  Study  on  Rats,”  Toxicol. ,  6_,  207-217  (1976). 

10.  Rubin  I.  B.,  "A  Simplified  Method  for  the  Determination  of  Labeled 
Alkane  Hydrocarbons  in  Mammalian  Tissue  and  Blood  after  Exposure 
to  Radiolabeled  Cigarette  Smoke,"  Anal.  Lett.,  6,  387-396  (1973). 


11.  Caton  J.  E.,  "A  Method  for  the  Determination  of  Tobacco  Smoke 
Dosimetry  Using  Carbon-14  Labeled  Dotriacontane, "  in  "Tobacco 
Smoke  Inhalation  Bioassay  Chemistry,"  M.  R.  Guerin,  J.  R.  Stokely, 
and  C.  E.  Higgins,  ed.  ORNL-5424,  Oak  Ridge  National  Laboratory, 
Oak  Ridge,  TN,  (1979)  pp.  119-129. 

12.  Wartman  W.  B.,  E.  C.  Cogbill,  and  E.  S.  Harlow,  "Determination  of 
Particulate  Matter  in  Concentrated  Aerosols,"  Anal.  Chem.  31 , 
1705-1709  (1959). 

13.  Mercer  1.  T.,  M.  1.  Tillery,  and  C.  W.  Ballew,  "A  Cascade  Impactor 
Operating  at  Low  Volumetric  Flow  Rates,"  AEC  Research  and  Develop¬ 
ment  Report  LF-5,  December  1961. 

14.  Carnes  R.  A.,  D.  S.  Durall,  and  W.  A.  Rubey,  "A  Laboratory 
Approach  to  Thermal  Degradation  of  Organic  Compounds,"  Proc. , 
Ann.  Meet.  -  Air  Pollut.  Control  Assoc.,  1977  70th  (vol.  2)  Paper 
No.  33. 

15.  Raabe  0.  G.  ,  "Deposition  and  Clearance  of  Inhaled  Aerosols,"  UCD 
472-503,  Laboratory  for  Energy  Related  Health  Research,  University 
of  California  -  Davis,  1979,  pp.  24-34. 

16.  Dalbey  W.  E.,  "Chemical  Characterization  and  Toxicologic  Evalua¬ 
tion  of  Airborne  Mixtures,"  Project  Order  No.  0027,  Monthly  Report 
#24. 

17.  Raabe,  0.  B.f  H.  C.  Yeh,  G.  J.  Newton,  R.  F.  Phalen,  and  D.  J. 
Velasquez,  "Deposition  of  Inhaled  Monodisperse  Aerosols  in  Small 
Rodents,"  in  Inhaled  Particles  IV,  W.  H.  Walton,  Ed.,  Pergamon 
Press,  New  York,  1977. 

18.  Wolff  R.  K. ,  L.  C.  Griffis,  Charles  H.  Hobbs,  and  R.  0.  McClellan, 

"Deposition  and  Retention  of  0.1  um  Aggregate 

Aerosols  in  Rats  Following  Whole  Body  Exposures,"  Fundam.  Appl. 
Toxicol.  2,  195-200,  (1982). 


PERSONNEL 


The  following  personnel  received  support  from  the  U.  S.  Army  Med¬ 
ical  Research  and  Development  Command  under  Army  Project  Order  Nos- 
9600  and  0027  in  performance  of  the  work  described  in  this  report: 

R.  A.  Jenkins 
M.  R.  Guerin 

R.  W.  Holmberg 
D.  L.  Manning 

M.  P.  Maskarinec 
D.  D.  Pair 
G.  M.  Henderson 

S.  H.  Harmon 
J.  H.  Moneyhun 


PUBLICATIONS 


The  following  publications  resulted  from  the  work  described  in 
this  report: 

Jenkins,  R.  A.,  Gayle,  T.  M. ,  Uike,  J.  S.,  and  Manning,  D.  L.  1982. 
Sampling  and  Chemical  Characterization  of  Concentrated  Smokes.  Toxic 
Materials  in  the  Atmosphere,  ASTM  STP  786,  American  Society  for  Testing 
and  Materials,  pp.  153-166. 

Jenkins,  R.  A.,  Holmberg,  R.  W.,  Wike,  J.  S.,  and  Moneyhun,  J.  H.  The 
Chemical  and  Physical  Characterization  of  the  Diesel  fuel  Smoke  for 
Inhalation  Exposure  and  Toxicology  Studies.  Task  Summary  Report  to 
U.S.  Medical  Bioengineering  Research  and  Development  Laboratory,  Ft. 
Detrick,  Frederick,  MD,  in  preparation. 


-29- 


vivj 


detected  -  level  of  DCBP  In  final  analyte  solution  was  <1  ng  mL~ 
on  a  DCBP  concentration  of  1.19  yg/mg  smoke  particles 
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